others spread and extent their distribution range. Certain environmental conditions can favour the spread of invasive species.
Hypoxic events can cause significant disturbance to aquatic community structure and provide opportunities for invasive species to colonise novel ecosystems (Jewett, Hines, & Ruiz, 2005) . This is especially likely if a potential invader has the physiological and behavioural abilities to tolerate restricted access to environmental oxygen. Unfortunately, the frequency and severity of hypoxic events in aquatic ecosystems are increasing worldwide (Diaz, 2001; Diaz & Rosenberg, 2008) . In lentic and lotic freshwater systems, hypoxia is caused by a number of factors including eutrophication, algal respiration, inflow of industrial waste, reduced mixing due to depth or wind conditions, thermal variation and ice cover (Ficke, Myrick, & Hansen, 2007; Poff, Brinson, & Day, 2002) . Many temperate freshwater fishes are negatively affected by hypoxia (Graham & Harrod, 2009 ) indicated as reduced growth, limited swimming performance and reproductive output and an increase in physiological stress (Domenici, Lefrançois, & Shingles, 2007; Herbert & Steffensen, 2005; Richards, Farrell, & Brauner, 2009 ).
Invasion success in non-native species is thought to be facilitated by a wider tolerance range for fluctuating environmental conditions, such as oxygen availability (Jewett et al., 2005; Kolar & Lodge, 2002; Lenz et al., 2011) . Despite the generally negative effects of hypoxia on fishes, species vary in their abilities to cope with reduced oxygen availability. Species can differ in their oxygen demands for maintenance metabolism and have different morphological, physiological and behavioural adaptations for reducing activity-related oxygen requirements or for increasing the oxygen extraction from the environment (Herbert & Steffensen, 2005; Landman, Van Den Heuvel, & Ling, 2005; Schurmann & Steffensen, 1997) . Pelagic migratory fishes tend to increase activity during severe hypoxic events to escape and find more favourable habitats (Brady, Targett, & Tuzzolino, 2009; Domenici, Steffensen, & Batty, 2000; Herbert & Steffensen, 2005) , whereas sedentary benthic fish often reduce activity as means to reduce energy expenditure and oxygen demand (Chapman & McKenzie, 2009 ). The particular behavioural strategy for dealing with hypoxia may also depend on the prevailing level of predation risk, including shelter availability, because any increase in activity may increase the chance of encountering predators (Killen, Marras, Ryan, Domenici, & McKenzie, 2012) . From a physiological standpoint, standard metabolic rate (SMR; the minimum energy required to sustain life) remains stable under moderate hypoxia (50% air saturation). With decreasing dissolved oxygen (DO), however, fish will reach a threshold referred to as the critical oxygen partial pressure (P crit ) at which point oxygen availability is limiting and insufficient to sustain SMR. The measurement of P crit is often used as a benchmark for hypoxia tolerance in species, with hypoxia-tolerant species having lower P crit values compared to less tolerant species (Mandic, Sloman, & Richards, 2009; Mandic, Todgham, & Richards, 2009; Speers-Roesch, Mandic, Groom, & Richards, 2013) .
Under changing environmental conditions, hypoxia-tolerant species may be able to colonise novel habitats where the conditions have become unsuitable for native competitors or predators. For fishes, comparative studies of hypoxia tolerance between native and non-native freshwater species are scarce (Elshout, Dionisio Pires, Leuven, Wendelaar Bonga, & Hendriks, 2013; Morosawa, 2011) . This is surprising, given the abundance of invasive fish species and the pervasiveness of hypoxia in aquatic environments. In this study, we investigated metabolic and behavioural responses to progressive hypoxia in bullhead (Cottus gobio Linnaeus 1758) and stone loach (Barbatula barbatula Linnaeus 1758). Stone loach is native to Scottish freshwater river ecosystems, whereas bullhead has been introduced in stony streams and rivers with low to moderate flow regimes and is considered invasive (Maitland & Campbell, 1992) . Both species are benthic and occupy the same ecological niche, living in still and flowing riverine sections where they potentially compete for resources (e.g. food and shelter). Like most temperate freshwater systems, Scottish waterways experience seasonal low dissolved oxygen events associated with flow, nutrient run-off and temperature (Anderson, Futter, Oliver, Redshaw, & Harper, 2010) , in particular during the summer in low flow and side pool sections of riverine systems. The invasion success of bullhead in their non-native range may be linked to increased hypoxia tolerance as compared to native stone loach, especially given that they belong to the order of Cottidae (sculpins), which have been shown in marine systems to have a high capacity for adaptation or acclimation to hypoxia (Mandic, Sloman et al., 2009; Mandic, Todgham et al., 2009; Speers-Roesch et al., 2013) . Specifically, the two main questions in this study were as follows: (i) Is bullhead more physiologically tolerant to hypoxia (i.e. has a lower P crit ) than stone loach?; and (ii) Do bullhead and stone loach differ in their hypoxia avoidance behaviour? The results here provide insight into the role of physiological traits in the spread of freshwater invasive species and particularly their ability to tolerate adverse environmental conditions. 
| METHODS AND MATERIALS

| Animals and holding conditions
| Respirometry assays
Oxygen uptake rate (MO 2 , oxygen uptake measurements) of fish was measured using an intermittent-flow respirometry system (Clark, Sandblom, & Jutfelt, 2013; Steffensen, 1989) . One glass chamber (163 ml total volume) was submerged in a black 93 L tank of air- ) data were corrected for the volume of respirometry chamber and tubing in the closed system.
Ten stone loaches (mean ± SEM, 7.16 ± 0.62 g, 9.39 ± 0.27 cm) and ten bullheads (mean ± SEM, 10.99 ± 0.60 g, 8.33 ± 0.11 cm)
were randomly selected from their holding tanks and tested individually under normoxic and hypoxic conditions to obtain oxygen uptake rates (MO 2 ). Before experiments, all fish were food-deprived for 48 hr.
Fish were transferred individually to a circular tank (D = 50 cm) with a water depth of 10 cm and manually chased until exhaustion (Clark et al., 2013; Killen, Marras, Steffensen, & McKenzie, 2012; Killen, Nati, & Suski, 2015) . Immediately after exhaustion (2-3 min of chasing), fish were placed individually in a respirometry chamber. The manual chase protocol was chosen as both of these fish species are benthic and incapable of performing sustained swimming. The first slope after exercise was divided into 2 min intervals, with the steepest slope interval being used to calculate the MMR (in mg O 2 hr ) was calculated as the absolute difference between MMR and SMR; factorial aerobic scope (FAS) was calculated as the ratio MMR/SMR. MMR was only measured under normoxic conditions. To account for bacterial respiration during the trials, background consumption was measured before and after each trial in the respirometry chamber. MO 2 data were corrected as well for background bacterial respiration by assuming a linear increase in background respiration overtime.
The next day, measurements of MO 2 during exposure to hypoxia were performed starting at 100% and followed by progressively lowering DO to 80%, 60%, 40%, 30% and 25% air saturation at a rate of 20% per hr. MO 2 measurements were made at each DO level over 1 hr 20 min to obtain six slopes of oxygen uptake. At 25% DO, both species showed increased activity indicative of stress of agitation, and so this was the final DO level used for both species. Following the final exposure to 25% DO, fish were removed from the chamber and transferred to its initial holding tank. DO in the experimental tank was restored to 100% DO and blank bacterial background respiration was recorded.
| Behavioural assays
Behavioural assays were performed on different bullhead and stone loach than those used during respirometry measurements.
Behavioural responses of 11 bullheads (mean ± SEM, 12.27 ± 0.90 g, 8.81 ± 0.20 cm) and 12 stone loaches (mean ± SEM, 6.49 ± 0.40 g, 9.48 ± 0.20 cm) to progressive hypoxia were performed in an acrylic arena with circular chambers on either side (each 30 cm diameter) connected by a small channel (L = 7 cm and W = 5.5 cm). Temperature on each side of the system was controlled and maintained at 14°C.
During hypoxia trials, only one side of the arena was oxygen-depleted to the desired DO level (80%, 60%, 40%, 30%, 25% and 20% air saturation), whereas the other side was constantly maintained at 100% air saturation and served as a potential normoxic refuge. Fish could freely choose between staying under normoxic or hypoxic conditions.
Over the trials, designation of hypoxic and normoxic chambers was randomised. DO level in the hypoxic side of the arena was controlled using a solenoid valve and oximeter, as previously described, by bubbling nitrogen into a buffer tank connected to the arena. The ) and mass were log-transformed in the models. At each hypoxic DO level during respirometry trials (80%, 60%, 40%, 30% and 25% air saturation), the mean value of MO 2 data for six slopes was calculated and used for analyses. To determine P crit in bullhead (n = 10) and in stone loach (n = 10), linear mixed effects models (LME) were used with MO 2 (mg O 2 hr −1 ) as the response variable, DO level as a categorical variable (with 6 levels), body mass (g) as a continuous covariate and fish identity as a random effect. MO 2 and body mass were log-transformed in models. MO 2 at normoxia was considered as the reference level in the model. Any DO levels for which MO 2 was significantly lower than SMR (at 100% DO) were used to determine P crit .
A linear regression was plotted through these MO 2 data points with a forced y-intercept of zero; the resulting linear equation (y = βx, where β is the slope of linear regression and y is SMR at 100% DO, x represents the estimated P crit from the regression and was calculated for bullhead or stone loach separately as followed (P crit = y/β, in % air saturation of oxygen in freshwater at 14°C) (Cook & Herbert, 2012) .
| Behavioural data
Behaviours were quantified from videos with Solomon Coder software (v.14.10.04; Budapest, Hungary). To monitor and identify behavioural avoidance of hypoxia, residence times in the hypoxic and normoxic sides (s), and time spent within the shelter (s) in the hypoxic side were recorded. Residence time in hypoxic and normoxic sides and time spent under shelter on the hypoxic side were calculated as a percentage of total time over the whole 30 min trial for each DO levels. The effect of DO on behaviour was analysed using GLMs with DO as a categorical variable and different behavioural avoidance measurements as response variables which were tested separately.
GLMs were followed with a Tukey's HSD post hoc multiple comparison test among DO levels. Differences in behaviour between bullhead and stone loach were tested by performing a Welch two-sample t test at each DO level.
Statistical analyses were performed in RStudio (version 3.3.0 The R Foundation for Statistical Computing Platform) with a significance level of p < .05 using the lmerTest package (Kuznetsova, Brockhoff, & Christensen, 2017) and MuMIn package (Bartoń, 2015) for calculating F I G U R E 1 Metabolic traits (mg O 2 hr −1 ) in bullhead (blue boxes) and stone loach (red boxes) adjusted to the mean mass of all fish tested (mass = 9.07 ± 0.61 g) in the respirometry assays.: (a) standard metabolic rate, SMR; (b) maximum metabolic rate, MMR (c) absolute aerobic scope, AAS; (d) factorial aerobic scope, FAS at 14°C. Dots represent individual metabolic traits data R 2 values of LME models; marginal R 2 indicates the variance explained by fixed factors, and conditional R 2 is the corresponding value for when including both fixed and random factors (Nakagawa & Schielzeth, 2013) . Data represented in figures as mean values ± SEM otherwise stated. Data used during this study can be found online under supporting information section (Table S1 ).
| RESULTS
| Respirometry assays
No significant differences in MMR, AAS or FAS were found between stone loach and bullhead under normoxic conditions at 14°C (Figure 1 ). However, bullhead had a ca. 6.2% lower normoxic SMR (GLM, effect species, F 1,19 = 12.75, p = .002, Figure 1 ).
For bullhead, MO 2 dropped below SMR at 40% DO ( Figure 2a ; Table 1 ) and then remained below SMR onward during progressive hypoxia. This translated to a 14.52% decline in MO 2 at 40% DO, 37.08% drop at 30% DO and 52.86% drop at 25% DO. The LME explained 78.69% of variation observed in changes in metabolic responses to hypoxia in bullhead; 65.38% of the total variation was explained by DO and body mass and the remaining 13.31% of the explained variation was due to individual differences. The estimated P crit in bullhead was ) at normoxia (100% air saturation) and 14°C. Fish ID was included as a random effect in the model. Table 1 ). Because there was only one DO level at which MO 2 for stone loach was below SMR, no precise P crit value could be estimated using linear regression in this species (Figure 2b) . However, given that MO 2 values did not begin to drop below SMR until approximately 40% DO, P crit for stone loach is likely close to, or lower than, the DO content at this value (4.12 mgL -1
Bullhead
). The LME for stone loach explained 80.44% of the observed variation: 55.91% was explained by DO and body mass, and the remaining 24.53% was attributed to individual differences in sensitivity to hypoxia.
| Behavioural assays
All bullhead remained in hypoxia for 100% of time at each DO level tested; with 91.5%-100% of time being spent within the shelter (Table 2) . Stone loach similarly preferred to stay in hypoxic conditions over most trials (93.9%-99.7% of the time); with 77.5%-98.6% of total trial time being spent in the shelter. In both bullhead and stone loach, hypoxia had no effect on either time spent in the hypoxia side of the arena or time spent in shelter. No differences in residence time under hypoxia between bullhead and stone loach were observed at most DO levels tested except at 20% air saturation (Welch two-sample t test; t = 2.46, df = 11, p = .03) where stone loach spent slightly less time in hypoxic conditions (96.25% of time) compared to bullhead. No differences were found for time spent under the shelter in hypoxic side between bullhead and stone loach at any DO level tested.
| DISCUSSION
Contrary to expectations, invasive bullhead displayed a relatively low hypoxia tolerance as compared to native stone loach. Although invasive species are believed to have a wide physiological tolerance towards environmental stressors, the results here suggest that bullhead may not be able to exploit hypoxic episodes as a mean to outcompete stone loach by colonising, establishing populations and expanding their distribution range in novel freshwater habitats. Even though no precise P crit value was established for stone loach, the data suggest that stone loach's P crit must be lower than that for bullhead.
At 25% DO, MO 2 in bullhead dropped by approximately 50% of their SMR, nearly double the decline in MO 2 observed in stone loach at the same level of oxygen availability. Bullhead belong to the sculpin order that are mainly found in marine habitats and known to be moderate to highly hypoxia tolerant (Mandic, Sloman et al., 2009; Mandic, Todgham et al., 2009; Speers-Roesch et al., 2013 Bohlen, 2003) . Stone loach in particular are capable of respiring through their intestines after ingesting air (Maitland, 2007) . As we did not conduct bimodal respirometry trials (Lefevre, Bayley, & McKenzie, 2015; Lefevre, Huong, Wang, Phuong, & Bayley, 2011) , we were unable to determine the proportion of aerial respiration utilised during normoxic and hypoxic conditions in stone loach. However, stone loach were denied access to aerial oxygen before and during measurements of P crit (approx. 36 hr without access to air), and so it is unlikely that they utilised a secondary method of oxygen uptake during this time. Still, even without this potential means of increasing oxygen uptake, stone loach displayed an increased physiological capacity for tolerating hypoxia as compared to bullhead.
The current study was conducted at 14°C, near the lower range of summer temperatures at which stone loach and bullhead would be subjected to. Due to increases in metabolic demand, P crit may increase at higher temperatures. If the reaction norms for P crit in response to temperature vary between stone loach and bullhead, it is conceivable that the relative hypoxia tolerance of these two species could change at higher temperatures. This sort of interaction between temperature and hypoxia tolerance would be a possibility for future research. However, given that the upper thermal limit (CT max )
for bullhead (27.6°C) is lower than that of stone loach (29.1°C) T A B L E 2 Percentage of time spent (± SEM) in either normoxia or various levels of hypoxia, as well as the time spent in a shelter within the hypoxic zone, for bullhead (n = 11) and stone loach (n = 12) at 14°C (Elliott & Elliott, 1995; Elliott, Elliott, & Allonby, 1994) , it is likely that bullhead may be even less hypoxia tolerant as stone loach at higher can be energetically costly. Additionally, these novel habitats might be less suitable in terms of food and cover availability and have higher predation risk than the hypoxic habitats. For these reasons, some species may choose to stay in hypoxic zones, particularly if they are accustomed to relatively short periods of hypoxia (e.g. decreases in oxygen availability during daily cycling). Bullhead are known to be especially poor swimmers (Tudorache, Viaene, Blust, Vereecken, & De Boeck, 2008) and are very territorial (Smyly, 1957) . Due to these characteristics, it might be energetically disadvantageous and highly costly for bullhead to invest energy into exploration and active strategies for avoiding hypoxic zones and potentially abandoning their established territories.
A number of other factors besides hypoxia tolerance may affect competitive interactions between bullhead and stone loach.
While stone loach and bullhead can compete for resources such as food and shelter, they are sometimes able to coexist through habitat partitioning (Welton, Mills, & Pygott, 1991; Welton, Mills, & Rendle, 1983) . However, the degree of coexistence appears to be linked to population density of each species. In rivers where bullhead are highly abundant, stone loach are rarely found (Yeomans W.
pers. obs.), possibly due to limited shelter availability and increased predation by birds. In addition, stone loach appear to have higher levels of spontaneous activity (Nati unpublished). This would not only make them more visible to predators but it would also increase their routine energy requirements and likely make them generally more reliant on aerobic metabolism. Bullhead, on the other hand, may rely more on anaerobic pathways to fuel metabolism and survive under harsh conditions, particularly in hypoxic events. In this study, we did not investigate differences in anaerobic metabolic capacity between these two species, but this would be a promising area for future research.
Differences in diet preference or tolerance to periods of reduced food availability could also affect competiveness in areas where bullhead and stone loach overlap (Killen et al., 2016) .
The current study suggests that invasive bullhead have a reduced hypoxia tolerance as compared to native stone loach.
Although differences in hypoxia tolerance do not seem to have facilitated the spread of the invasive species in this case, there may be other scenarios where hypoxia has played a key role in the range expansion of invasive aquatic species. Additional research is needed to examine how organ-or tissue-level traits may also explain differences in the physiological tolerance to hypoxia in potential invaders such as differences in haematocrit, oxygen-binding capacity of haemoglobin and different levels or isoforms of anaerobic enzymes in relevant tissues (e.g. brain, liver) to understand why certain invaders may be able to thrive in hypoxia. Overall, more investigation is required into different native versus invasive species pairs, looking into tolerance ranges towards different environmental stressors, integrating physiology and behaviour over different environmental contexts.
